One novel treatment strategy for the diseased heart focuses on the use of pluripotent stem cell-derived cardiomyocytes (SC-CMs) to overcome the heart's innate deficiency for self-repair. Inadequate coupling may severely impair functional integration and signal transmission, which needs to be carefully considered for the prospective use of SC-CMs in cardiac repair.
Introduction
Recent advances in stem cell research fuel new hope for patients suffering from cardiovascular diseases. Especially for end stage heart failure (HF), classical therapies involving pharmacological interventions, surgical approaches like mechanical assist devices or even cardiac transplantations, can no longer support the ever growing number of HF patients. High prevalence of ischemic heart disease and parallel increase in global burden are calling for alternative treatment options, and stem cell-derived cardiomyocytes (SC-CMs) carry high potential for cellbased therapies of the diseased heart.
In vitro differentiation of pluripotent SCs into beating cardiomyocytes (CMs) was first achieved in 1981 [1] [2] [3] and since then, a new focus has emerged aiming at the development of the ideal cell type for replacing diseased myocardial tissue. Despite successful differentiation of SCs of different origin (embryonic -ESCs, or induced pluripotent -iPSCs) into spontaneously beating cell clusters with active cardiogenic marker genes, the resulting CMs present a fairly immature and highly variable cardiac phenotype [4] . In order to assess their true potential to replace and repair diseased myocardium [5] , functional properties of these newly generated CMs need to be investigated with the necessary attention to details. In this regard, a placement of cell grafts of SCCMs on affected myocardial tissue raises the question, whether these particular cells are capable of functional integration into the host myocardium and contribute actively to the electrical and mechanical activity of the cardiac tissue [6] . However, despite the efforts of previous studies to elucidate the electrical properties of SC-CMs and signal propagation in multicellular preparations [7, 8] , a detailed and unequivocal characterization of the mechanisms that control contraction and cellular interactions of SC-CMs has not yet been provided [9] [10] [11] [12] [13] [14] [15] .
In this original study, we investigated the electrical properties of single SC-CMs with regard to excitation-contraction (EC) coupling involving cardiac Ca 2+ signaling mechanisms, and we characterized intercellular coupling quality at the level of cell pairs. In this context, it was of particular interest whether SC-CMs are able to establish intercellular contact sites by formation of gap junctions and communicate with each other in a manner similar to native CMs. Results from these experiments were directly compared with neonatal cardiac cells (NCMs) and with HL-1 cells, which represent well-characterized cardiac model systems of an immature cardiac phenotype [16] .
Finally, we combined SC-CMs with native cardiomyocytes in a co-culture approach and evaluated the functional coupling between these mixed cell pairs. Our functional data were consolidated by structural analysis of the main cardiac gap junction proteins (i.e. connexins Cx43, Cx40, Cx45 and Cx30.2) and confirmed by computational simulations.
Our novel findings highlight a considerably impaired signal transmission between cell pairs when compared with native cardiomyocytes. These key findings contribute significantly to our growing understanding of the functional properties of SC-CMs and remind us of the challenges that need to be overcome for future applications of these cells in clinical settings. 
Material and Methods

(For a detailed description of the methods, see also Supporting Information.)
Cardiac cell models
The murine CGR8 cell line (LGC Standards GmbH, Wesel, Germany) served as source of embryonic stem cells (ESCs). Differentiation into the cardiogenic lineage was adapted from a previously described protocol and achieved using the hanging drop method [17] . release (CICR). Membrane currents were normalized to cell membrane capacitance. Spontaneous and triggered action potentials were recorded in the current-clamp mode. Alternatively, triggered action potentials were generated with a custom-built field stimulator at different stimulation frequencies at supra-threshold pulse amplitudes.
Composition of internal and bath solutions are detailed in the supplemental information. Data were analyzed in IgorPro (WaveMetrics).
Confocal microscopy
Image acquisition was performed on a laser scanning confocal microscope (Microradiance, BioRad), which was paired with the patch-clamp setup and combined with electrophysiological recordings. For confocal Ca 2+ imaging, cells were loaded with the fluorescent Ca 2+ indicator fluo-3 either via AM-ester loading of the cells (5 µM) or via single cell perfusion through the patch-clamp pipette using the water soluble salt K 5 -fluo-3 (50 µmol/L), depending on the experimental setup.
For dye-coupling experiments in cell pairs, the fluorescent gap junction permeant dye calcein was introduced into one cell of a cell pair using the patch clamp pipette. Time dependence of fluorescence increase was measured in the coupled cell. Fluorescent dyes were excited at 488 nm with an Argon ion laser and light emission was collected above 500 nm. Line-scan images were recorded at a rate of 500 lines/s. SR Ca 2+ content was assessed with rapid pulses of 10 mmol/L caffeine, a ryanodine receptor agonist. Frame and line-scan images were analyzed in ImageJ (NIH) and further processed using IgorPro (WaveMetrics) or Canvas. Normalized fluorescence is indicated as F/F 0 , and relative changes in fluorescence levels are shown as ∆F/F 0 . All measurements were performed at constant room temperature (22°C).
Immunocytochemistry
Cultured cells were grown on glass bottom dishes or glass coverslips and washed twice in PBS before and after fixation in 4% paraformaldehyde for 10 minutes. After permeabilization with 0.3% Triton-X, unspecific sites were blocked with 1% BSA in PBS for 30 minutes. Cells were stained for gap junctional Cx-43 protein (Chemicon), sarcolemmal L-type Ca 2+ channels (Millipore), sarcoplasmic reticulum ryanodine receptors (Abcam) and sarcomeric α-actinin (Sigma-Aldrich).
Primary and secondary antibodies were subsequently incubated for 2 hours at room temperature.
For secondary antibodies, the respective primary antibody-specific Alexa Fluor 488 and 568 dyes were used (Lubio Science). Confocal images were taken with a laser scanning confocal microscope (Olympus FluoView1000).
RNA extraction and real-time PCR (qPCR)
Total RNA was extracted from cells with TRIZOL reagent (Invitrogen AG, Basel, Switzerland)
according to the manufacturer's instructions. 2µg of total RNA was converted to cDNA with M-MLV Reverse Transcriptase (Invitrogen) using random primers in a 20µL reaction incubated at 25°C for 10 min followed by 50 min at 37°C and 15 min at 70°C (for primer information, see supplemental information). Volume was adjusted to 100µL. qPCR was performed with 20 ng of cDNA in a total volume of 25µL using SYBR green with the Biorad CFX96 Touch Real-time PCR Cycler (Bio-Rad Laboratories AG, Cressier, Switzerland) and at amplification temperatures of 60 and 62°C, according to the primer optimal amplification temperature. Using the ∆∆C q method, analysis yielded relative gene expression value normalized to NCM expression levels. All reactions were run in triplicates. Data are expressed as mean±SEM normalized to control neonatal ventricular cardiomyocytes.
Diffusion model
Dye transfer between coupled cells was simulated with a one dimensional stochastic diffusion model. Each dye molecule undertook a random sized step at each time step ∆t. Diffusion from one cell to the other was restricted by a semi-permeable barrier. A dye molecule coming in contact with the barrier during time step ∆t had a probability p of crossing the barrier (and probability 1-p of bouncing back). Probability p is designated as the permeability of the barrier.
After each time step, the concentration of dye molecules in a region similar to that used in the dye transfer experiment was recorded and, repeating this over many time steps, the dependence of dye concentration on time was obtained. In order to match the shape of this simulated dye transfer curve to experimentally obtained ones, only the permeability of the barrier was altered. The ratio of the optimal permeability values obtained for different cell types is indicative of the ratio of gap junction densities for the same cell types (e.g., p NCM / p HL1 = q means that gap junction density in NCMs is q times larger than in HL-1 cells, [19] ). 
Statistical analysis
Results
Electrophysiological characterization of SC-CMs
For an initial functional characterization of the successful cardiogenic differentiation of SCCMs, electrical excitability, spontaneous beating behavior, and the presence of characteristic cardiac ion channels were tested. In general, two types of cells with cardiogenic properties could be distinguished: spontaneously contractile cells ( Currents were rapidly and reversibly inhibited by addition of tetracaine (1 mmol/L), a local anesthetic drug and inner pore blocker of Na + channels [20] .
Then we looked for the presence of the main Ca 2+ channel that is responsible for the primary phase of the excitation-contraction (EC)-coupling mechanism, the L-type Ca 2+ channel.
Depolarization of the sarcolemma activates this voltage-dependent Ca 2+ channel leading to Ca 
Ca 2+ signals and EC-coupling in SC-CMs
Since at the functional level, SC-CMs correspond to an early cardiac phenotype, the mechanism underlying contraction in these cells has been questioned [11, 14, 26] . In particular, previous characterizations showed ambiguous results in terms of the source of Ca 2+ for contraction and the maturity of the SR [10, 14, 15, 27] . Here, we investigated the EC-coupling mechanism in SC-CMs at a structural and functional level. (Fig. 3D) , indicative of a functional SR Ca 2+ store in SC-CMs.
Intercellular coupling of cell pairs
For the anticipated therapeutic use of SC-CMs in diseased myocardium, these cells need to integrate and connect with host myocardial cells in order to participate in electrical signal transmission forming a functional syncytium with similar properties as native cardiomyocytes [28] .
In order to investigate the capability of SC-CMs for intercellular coupling, we studied electrical coupling in cell pairs. Assuming connection of these cells via gap junctions, we hypothesized that depolarization-induced CICR of one cell will also lead to CICR in the neighbored cell via Ca 
Metabolic coupling in identical cells and mixed cell pairs
To further investigate gap junction-mediated signal transmission, we studied the quality of metabolic coupling using the method of dye transfer [29] . Calcein, a gap junction-permeant CMs was compared to native neonatal cardiomyocytes and cardiac HL-1 cells (Fig. 5B ). While neonatal cardiomyocytes show a fast increase in fluorescence in the neighbored cell, dye transfer was significantly slower in both SC-CMs and HL-1 cells, the latter being known for relatively low connectivity [30] [31] [32] . Curves were fitted with a sigmoidal function according to the expected temporal kinetics of particle diffusion between two compartments (see below). Dye diffusion through gap junctions was reversibly inhibited by heptanol (1 mmol/L), a non-specific gap junction uncoupler [33] . Sample traces shown in Fig. 5C illustrate the rapid rise in calcein-emitted fluorescence in Cell 1, while during heptanol application and functional uncoupling, no dye was transmitted to Cell 2. Only after washout of heptanol, calcein could diffuse again thereby slowly increasing fluorescence in Cell 2. Relative intensity of fluorescence at 120 sec of dye coupling was compared in all tested cell types and is summarized in Fig. 5D .
In an additional set of experiments, we tested intercellular coupling in iPSC-derived cardiomyocytes using the same experimental setup of dye-coupling with calcein. Interestingly, iPSC-CMs showed the same temporal diffusion dynamics as SC-CMs in cell pairs, confirming our findings of significantly reduced coupling between SC-CMs compared to native cardiomyocytes (red trace in Fig. 5E ).
In order to mimic the setting of a host-graft cell pair, we were interested in the intercellular coupling quality of mixed cell pairs. We hypothesized that co-culture of SC-CMs with native 
Comparative analysis of connexin expression
Since the predominant intercellular gap junction channels in the heart are composed of results confirm a significant difference in Cx43 expression between native NCMs and newly generated SC-CMs (even of different origin) and may underlie the structural differences of intercellular channel formation at cell-to-cell contact sites seen in the immunostainings (Fig. 6A ).
In addition, we investigated expression levels of other cardiac connexins, namely Cx30.2, Cx40 and Cx45, in order to reveal their possible contribution to signal transmission in SC-CMs.
Since these connexins are selectively relevant for tissue specific signal transmission in the heart (ventricle: Cx43; atria: Cx40 and Cx43; conductive system: Cx45, but also Cx30.2, Cx40 and Cx43), differential expression pattern relative to NCMs may reveal the contribution, if substantial, of a specific cardiac type within SC-CMs. In all tested cell types, connexin expression levels were lower than in NCMs. Especially, Cx40 showed overall significantly lower expression levels in the tested cells. From these data however, we cannot not conclude on any specific type of cardiomyocytes, but rather accept that the connexin expression pattern in SC-CMs is different from native cardiomyocytes. Expression results for all four connexins are summarized in Suppl. Fig. 1 .
Dye-Transfer Diffusion Model
The low connexin gene expression in SC-CMs and the reduced formation of intercellular channels at the structural level strongly consolidate our functional data, suggesting that the temporal profile of metabolite transfer between two cells directly depends on the number of available intercellular connections. We have synthesized the relationship of these parameters and created a model, which reflects the kinetics of dye transfer as a function of the number of established gap junctions.
The temporal dynamics of dye transfer from one cell to the other followed a sigmoidal function and can be approximated by a simple diffusion model as explained in detail in the methods section. In short, dye transfer through gap junctions is simulated as diffusion through a semi-permeable barrier. In order to obtain fits for experimental dye transfer curves, only the permeability of the barrier was altered (Fig. 7A) . Experimental data could be reproduced when the permeability of the barrier for NCMs was ~6 times greater than for all other cell types. This is equivalent to a 6-fold difference in gap junction density ( Fig. 7B ; experimental data are replicates of Fig. 5 ) and strongly correlates with our quantitative assessment of Cx43 expression levels.
Discussion
The present study provides a direct functional characterization and comparison of the [4, 16, 35] . Therefore, they are optimal control cells for our study.
Classification of immature and spontaneously active SC-CMs upon their functional characteristics is difficult and highly debated. The most reliable distinctive criterion might be the shape and temporal characteristics of the action potential displayed by a particular cell. Even then, ambiguities may remain, which render a clear categorization almost impossible. From the differences in activity, we distinguished spontaneously active cells (pacemaker-type) from cells that were silent at rest but electrically excitable (working myocardial cell type). As confirmation of the cardiac phenotype, cells responded to different pacing frequencies and exhibited cardiac ion channels relevant for EC-coupling. Frequency of spontaneous APs was in line with neonatal and HL-1 cardiomyocytes.
Spontaneous activity in cardiomyocytes is often regarded as sign for immaturity as in pre-/ neonatal cells. Accordingly, lack of intrinsic beating activity may be indicative for a step towards myocyte maturation. Therefore, heterogeneity in the cell population may be interpreted as a mixture of cardiac cells in different developmental stages. Consequently, a time-dependent increase in maturation over culture time might be expected, as it has been described by previous studies [36] . However, within the time window of our experiments, which was up to 14 days post dissociation, no tendency towards a shift in the ratio of beating to silent cells was observed. In addition, contractile cells temporally co-existed with silent ones from day 1 post dissociation, which favors the conclusion that cells of different cardiac phenotypes resulted in parallel during spontaneous cardiac differentiation. [41, 42] by enhancing availability of Ca 2+ release units upon stimulation and by shortening TTP, a similar effect was not observed here. A possible explanation for the lack of synchronization may lie in the different micro-architecture of immature CMs, which are devoid of any transverse (t-)tubular system and, thus, bereft of the structural basis for a spatially and temporally optimized amplification of the initial Ca 2+ influx derived from I CaL . Interestingly, despite the lack of a t-tubular network in SC-CMs (and other immature CMs), L-type Ca 2+ channels show a regular and striated expression pattern at the sarcolemma, which reminds of the expression pattern of L-type Ca 2+ channels along the t-tubular membrane invaginations in adult cells. Therefore, it may be thinkable that a structural pre-disposition recruits L-type Ca 2+ channels along the future sites of t-tubular membrane invaginations. However, this assumption can only be verified if induction of t-tubules can be achieved in cultured cardiomyocytes, an experimental challenge, which remains to be realized.
Quality of EC-coupling and sympathetic response
Intercellular communication by electrical stimulation and dye transfer
SC-CMs offer an excellent experimental model to study many cardiac diseases, especially those related to ion channel mutations (e.g. [43] [44] [45] ), as they present the same disease phenotype as adult cardiac cells. Still, the ultimate goal of SC-based research is to provide appropriate cells for replacement of diseased myocardium after injury (e.g. myocardial infarction). To achieve this aim, several functional requirements for the new CMs need to be met. It is not enough that the single cell as building block of cardiac tissue provides the same functional complexity of an adult CM, the new cells also need to integrate into the host myocardium and connect with their immediate neighbors in order to participate in signal propagation.
In this study, we investigated the intercellular coupling properties of SC-CMs at the level of cell pairs and directly compared their properties with primary and immortalized cardiac cells.
According to our initial hypothesis, we tested the idea that SC-CMs couple to each other like neonatal CMs do. Our first approach for this investigation was based on electrical stimulation of one cell of a pair to induce CICR in the same cell, and via Ca 2+ -diffusion through gap junctions, we anticipated the occurrence of Ca 2+ -dependent RyR2 activation (CICR) in the cell neighbor as well.
This was indeed the case as shown in Fig. 4 , as electrical stimulation of one patch-clamped cell leads to temporally synchronized CICR in both cells. However, since a membrane-delimited and gap junction-independent stimulation of the attached cell remains a possibility for CICR activation in Cell 2, we applied a different approach. Using the fluorescent properties of the gap junctionpermeant dye calcein, we quantified the time dependence of dye transfer from one cell to the other via gap junctions. We discovered a striking difference in the temporal pattern of dye transfer in SCCMs, which was significantly slower when compared with neonatal CMs. Interestingly, calcein permeation in SC-CM pairs was similar as in HL-1 cell pairs, previously reported to display low intercellular coupling attributed to low Cx43 expression [31, 46] . The differences in coupling were very pronounced and reliably repeatable, which is also reflected in the statistical analysis.
In a recent study, functional integration and survival of grafted hESC-CMs into non-human primate hearts was presented over a three month period post cell transplantation [5] . However, the study also clearly reported in all hearts receiving hESC-CMs the detection of arrhythmias including premature ventricular contractions and runs of ventricular tachycardia, possibly due to re-entrant circuits or graft automaticity, but the underlying mechanism was not identified. Our study Of note, we uncovered prominent disparities in the expression of Cx43, the main cardiac gap junction protein, both at the protein and mRNA levels between SC-CMs and native NCMs, thus confirming the original functional findings. Other tested connexins also revealed reduced expression levels compared to NCMs. However, due to the rather insignificant expression levels of those connexins in NCMs, their even lower expression in SC-CMs is almost negligible for any functional implications [28, 47] . We also found the same significant difference in dye transfer kinetics and connexin expression when testing another source of SC-CMs, the iPSC-CMs. A recent study by Prudat Y et al. [48] In summary, we show that reduced intercellular communication results from reduced presence of gap junctions. Using a computational model of restricted diffusion, we were able to reproduce experimentally obtained temporal kinetics of dye transfer by modulating the density of gap junction channels along the contact surface of the coupled cell pair. As we were only interested in relative changes in intercellular coupling, a simple stochastic model was sufficient and the use of a more complicated model was unwarranted [29] . Our model indicates a ~6 fold reduction in gap junction density in all studied cell types when compared to NCMs. As, in essence, gap junction density determines the overall resistivity of intercellular couplings, which is continuously related to AP conduction velocity [49] , this latter is consequently expected to considerably decrease at tissue level for the studied cardiac cell types other than NCMs.
Our findings have a potentially great impact on the future use of SC-CMs for cell grafts in diseased hearts, since strongly impaired intercellular coupling may result in a significant conduction barrier limiting signal propagation across the myocardium [48] . The functional consequence of such reduced signal transmission properties may express in form of arrhythmogenic hot spots at the site of cell grafts and may therefore lead to severe disturbances of the electrical activity of the heart. Our data clearly show that the electrical properties of single SCCMs, as well as the processing of modulatory endocrine stimuli that resemble that of of native CMs, are not sufficient to reproduce the same functional complexity, which will operate in a multifaceted three-dimensional environment as the real heart. Therefore, careful investigations are required to improve the coupling quality of SC-CMs in multi-cellular preparations for clinical use. 
Figures
Experimental solutions for electrophysiological measurements
Voltage-dependent cardiac L-type and T-type Ca 2+ and Na + currents (I CaL , I CaT and I Na ) were investigated in the whole-cell patch clamp mode. Composition of the external bath solution and internal pipette solutions required for the patch clamp experiments is summarized in Supplemental Table 1 . The pH of the external solution was adjusted to 7.4 with NaOH, of the internal solution to pH 7.2 with CsOH (for current measurements) or KOH (for AP measurements).
Internal solution was filled into patch pipettes, which were pulled from borosilicate glass micropipettes (Warner Instruments) with a horizontal puller (Zeitz Instruments) and had a resistance of 1-3 MΩ. For Ca 2+ and Na + current measurements, K + channels were inhibited with 5 mM CsCl. Ca 2+ currents were blocked with 10 µmol/L nifedipine for L-type and 5 µmol/L mibefradil for T-type Ca 2+ channels, I Na was inhibited by 1 mmol/L tetracaine. For I Na measurements, external Na + was reduced to 40 mmol/L NaCl, and osmolarity was compensated for using 100 mmol/L Nmethyl-D-glucamin (Fluka). All chemicals were from Sigma-Aldrich, unless otherwise stated. 
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